Abstract A pulse feed vertical flow constructed wetland (VFCW) proved to be efficient in the treatment of a textile effluent being able to buffer, dilute and treat an Acid Orange (AO7) accidental discharge. The influence of the flooding level (FL) and pulse feed (PF) duration on the removal efficiencies of a VFCW was examined. Average AO7 removal efficiencies of 70% were achieved for an AO7 Inlet concentration of 700 mg l 21 applied during 15 min cycle 21 (every three hours) at a hydraulic load of 13 l m 22 cycle 21 and an FL of 21%. The VFCW was modelled by analogy with a combination of ideal reactors. The simplest combination that best reproduced the experimental results was an association of 2 reactors in series plus 1 reactor accounting the dead volumes. The model parameters helped to understand the hydrological and kinetic processes occurring in VFCW. Through the model simulation it was shown that 3 VFCW in series were enough to efficiently treat an organic mass load of 76 g AO7 m 22 day 21 in 9 hours and fulfil the discharge legislation. In this work it was possible to establish that the overall degradation kinetics was of first order.
Introduction
Wetlands are complex, dynamic ecosystems. However, they can be engineered, designed and constructed for the purposes of waste treatment, taking advantage of natural processes within a controlled environment, involving the vegetation, soil and associated microorganisms (Haberl, 1999) . Over the years, constructed wetlands (CW) have proved to be highly efficient wastewater treatment systems (in terms of BOD, COD, suspended solids, pathogens, nutrients and heavy metals removal) for municipal, industrial and agricultural effluents (Reddy and D'Angelo, 1997) . CW are also attractive from an economic point of view, as their construction and running costs are low. Hydrology is recognized as the primary force influencing wetland development, survival and ecology, regulating the wetland structure and function. The hydrological regime of a wetland can be established by the frequency, timing, depth, duration of flooding and the amplitude of water level daily and/or seasonally (the latter is not applicable for CW as the water level is usually maintained uniform) (Gopal, 1999) . There are three main basic types of wetland treatment systems based on their hydrology; natural wetlands; surface flow and subsurface-flow CW. Wastewater flows by gravity, vertically or horizontally, through the bed matrix.
In this work we studied the performance of a subsurface vertical flow (SSVF) system. Such systems generally use a bed of soil or gravel for the growth of rooted plants. VF systems with intermittent loading were developed to further increase oxygenation and ammonia nitrification (Cooper and Green, 1995; Ragusa et al., 2004) as a consequence of the low removal efficiency of nutrients attained by the other hydraulic regimes.
The increasing application of wetlands to wastewater treatment together with progressively stricter water quality standards makes it desirable to predict the degree of treatment to be expected. This information is crucial to project the treatment potential of natural wetlands and for the design of CW (Kadlec and Knight, 1996; Rousseau et al., 2004) . However, the complexity of CW, which can be regarded as eco-reactors, makes them difficult to model and so their optimal design and operation is usually determined by the experience and intuition of the designer and/or operator (Pastor et al., 2003) . Nevertheless, several mathematical models of CW have been proposed, mainly for horizontal flow CW (Kadlec and Knight, 1996; Chazarenc et al., 2003; Rousseau et al., 2004) .
Most modelling of wetlands and CW has been based on retention time distributions (RTD) and first order degradation kinetics (Kadlec, 2003) . The RTD models are built on the supposition that each element of water passes through the wetland or CW bed matrix in different times (Rousseau et al., 2004) . Another approach that has been used involves mechanistic models such as continuous stirred tank reactors (CSTRs) in series (Wynn and Liehr, 2001 ) and plug flow reactors with dispersion (King et al., 1997) involving a finite or infinite number of stages (Werner and Kadlec, 2000) .
The aim of the present work was to develop a mathematical model useful to predict the behaviour of a pulse feed VFCW, in terms of an association of ideal reactors, choosing the simplest possible combination capable of reproducing the essential features of the experimental results. With this goal, an azo dye, acid orange 7 (AO7) was fed to a pilot scale VFCW, which is a dye widely used in the textile industries and often discharged into adjacent water bodies. It was used as a model molecule, due to its characteristic orange colour, which it is easily followed and because it is degraded within the CW. A well above average concentration was selected (700 mg AO7 l 21 ) representative of an accidental textile discharge compared to the typical concentration in wastewaters of less than 80 mg AO7 l 21 (Davies et al., 2005) , which is useful to validate the model predictions in terms of removal efficiency and dimensioning. Based on the model results obtained a prediction of the number of VFCW needed to overcome the AO7 accidental discharge is also discussed.
Methods

Operational conditions
The experimental work was carried out in a pilot VFCW located in Instituto Superior Técnico Campus, which has been extensively described in Davies et al. (2005) . The layout of the experimental set-up is illustrated in Figure 1 . The influence of the flooding level (FL) and of the pulse feed duration (PF), on the VFCW performance was studied and modelled. The FL is regulated by the siphon height and the PF is regulated by the timer ON/OFF switch of the pump as Inlet flow remained constant. Before starting the trials, the bed matrix was already saturated with AO7 to ensure that adsorption could be neglected. The system was stabilized for three weeks and three assays were then performed designated as A, B and C as shown in Table 1 .
At the beginning of each assay the bed was allowed to stabilise (phase I). Afterwards, it was observed that even the results obtained during phase I were already near a pseudostationary state (phase II) and therefore they were included in the model development. In assay A and B, the PF was 13 minutes at 1 l min 21 every 3 hours, giving a hydraulic load (HL) of 108 l m 22 day 21 and a organic mass load (OML) of 76 g AO7 m 22 day
21
. FLs of 21% and 42% (see Figure 1) were used, corresponding to water levels in the bottom of the bed of 18 and 36 cm. In assay C, the PF duration was of 26 minutes every 3 hours and the FL was 21% giving doubled HL and OML of the other assays. The assays were performed during the spring and summer time. A total of 1200 feeding pulses were applied in the VFCW and 16 cycles were sampled. The AO7 Outlet flow and AO7 concentration, [AO7], was characterised during each cycle by collecting up to 25 samples (including an inlet sample) of 50 mL at regular intervals, which were analysed for colour in terms of [AO7], COD and TOC. During trials air temperatures were monitored.
Analytical methods
COD was determined by a colorimetric method (600 nm) using a Digilab Hitachi, U-2810 UV-Vis spectrophotometer and TOC was determined using a high-temperature Dohrmann Apollo 9000 TOC analyser following the procedures described in Standard Methods of Analysis.
[AO7] was quantified from the maximum absorbance wavelength in the visible range (490 nm).
Model development
The model for the VFCW was initially conceived by analogy with the hydrodynamics of pulsed systems and the RTD of a continuous system. As can be seen in Figure 2 , the output flow has three distinct characteristics: (a) an initial delay between feeding and output, (b) a peak and (c) a long flat tail.
The initial delay could be modelled by a tubular reactor, but it was neglected since its volume was verified to be irrelevant in the overall treatment. The peak is reminiscent of the curves for RTD for two CSTRs in series. The long flat tail is suggestive of the existence of dead volumes. Therefore, the VFCW was modelled as 3 reactors, 2 CSTRs in series and 1 in parallel. Using a mechanistic approach over this model, we can consider that reactor 1 has variable volume and is located above the siphon height, reactor 2 has a fixed volume and is located near the siphon height and reactor 3 accounts for the dead volumes and is possibly distributed through the bed, the schematic representation is in Figure 3 . Model assumption. The VFCW was pulse feed, so the inlet flow Q IN for the model was defined by the following expression,
where PF time is the pulse feed time ðminÞ ð 1Þ
The outlet flow was calculated using a simplification of the Carmen -Kozeny equation given by
where a is a parameter related to the bed permeability, h 0 is the VFCW height and b is a parameter related with the flow regime. The liquid balance to reactor 1, which has variable volume, is
Considering also that V 1 (t) ¼ Ah (t) where A is the superficial area of the flooded bed. Equation (3) can be rewritten in the form of equation (4).
For the model development the AO7 azo bond breakdown was only considered as first order irreversible reaction, thus equation (5) was considered for the kinetics. r is the reaction rate, k is the apparent constant degradation rate and C AO7 is the AO7 concentration. The AO7 mass balance for reactor 1 is given by equation (6), for reactor 2 by equation (7) and for dead volume reactor by equation (8).
The experimental flow rate and AO7 outlet concentration data were fitted using the Solver of MSExcel, performing non-linear optimisation of the least squares sum enabling the estimation of the overall parameters V 2 , V 3 , a, b, Q D and k.
Results and discussion
VFCW hydraulic profile
The study of the influence of the FL increase from 21 to 42% (assay A and B), did not reveal significant changes in the outlet flow profiles as is presented in Figure 4 (a and b) . On the other hand, the influence of the increase in the PF (assay C), from 13 to 26 min led to bed clogging. The clogging of the system was visually observed and was corroborated by the pronounced change in the outlet profiles, Figure 4 (c), which became low broad peaks denoting evident changes in the hydraulics of the bed. The FL affects the oxygen availability, with its increase, more bed is inundated and thus less interstitial oxygen is available. The FL also produces a buffer effect due to the existence of a permanent volume of effluent retained inside the bed, which dilutes the influent that enters in each pulse. The buffer effect took 25 and 35 min for assays A and B respectively. This is important information in the case of an accidental discharge as it smothers the impact of it in the system. In Figure 4 (b) a diminishing in the outlet flow quantity was noticed besides the fact that the inlet pulse remained constant. This effect was attributed to the severe changes in the evapotranspiration rate (ET), up to 70% of inlet flow, due to air temperature variation from 18 to 40 8C. In this respect, Kadlec (1997) suggests that the evapotranspiration has a double effect of lengthening the retention time and also concentrating the dissolved constituents. So, the AO7 concentration was calculated accordingly.
VFCW AO7 removal efficiency
The removal efficiencies were calculated by means of a mass balance, by the integration of the experimental data using equation (9) for each parameter.
Removal Efficiencyð%Þ
where Q is the flow rate, C is the concentration, N sample number and Dt is the sampling time interval. The obtained results can be seen in Table 2 . Similar values were obtained for [AO7], COD and TOC removals, which indicate that a mineralization process is occurring. Assay B, lower removal efficiencies could be attributed to the lesser free oxygen availability associated with higher FL. In assay C, the clogging of the system affected drastically the removal efficiencies that decreased to half of the previous values.
VFCW Model
The model was adjusted individually for each assay (A, B and C) and presented in Figure 5 and the estimated parameters can be found in Table 3 .
With the increase in the FL to 42%, the model predicted that the dead volume was more isolated (lower Q D ). Increasing the PF time three effects were noticed: (1) the k diminished that can be attributed to the decreasing oxygenation of the medium; (2) the V 3 double sized; (3) Q D also doubled. The two last effects can be explained by overcoming the bed permeability capacity.
For assay A and B the model reproduces very accurately the results. For assay C, given the fact that the pseudo-stationary state was not achieved as the hydrodynamics of the bed were changing (Figure 4 (c) ), satisfactory results were obtained.
Model Simulation. Keeping in mind that the selected inlet concentration of AO7 (700 mg l 21 ) is high and simulates accidental discharge, after being treated in just one VFCW, the quality of the effluent does not meet the European Community Directives (76/464/EEC and 80/68/EEC) for environmental discharge. This rules that after a dilution of 1:20, no colour is detected and also that COD must not exceed 150 mg l 21 .
Therefore we used the model to find out how many VFCW beds working in series would be necessary to fulfil these requirements. The methodology used consists in feeding similar VFCW until the effluent has the quality required by the legislation. In resume, it would be necessary to operate 3 VFCW in series with identical characteristics of size, porosity summary etc. In the third VFCW, a colourless composite sample with concentration of 50 mg l 21 would be expected. The experimental data validate this simulation as the VFCW was fed with an inlet concentration of 130 mg l 21 and the quality of the outlet effluent meet the legislation. This model validation also confirms the first order of the degradation mechanisms behaviour of VFCW as represented in Figure 6 .
Conclusions
VFCW are efficient in enriched azo dye wastewater treatment. In this work it was indirectly shown that the degradation mechanisms or the limiting path is of first order. The parameter variation given by the model was shown to be essential to understand the Figure 6 Simulation profiles in a 3 VFCW working in series for a 700 mg AO7 l 21 accidental discharge VFCW behaviour, thus leading to a possible optimisation. The VFCW model can easily be extended to other wastewater contaminants if the kinetic rates are known. The PF time is an important operational parameter in a PF system, which can lead to the bed clogging rather than FL that did not affect significantly the AO7 removal efficiencies. The model is still under development trying to account for other design parameters.
